Gnotobiotic piglets were infected with a strain of rotavirus that had been isolated from a calf and passaged four times in piglets. The resulting disease was studied by light and electron microscopy at 21,44 and 68h after inoculation. In thesmall intestine infection caused desquamation of the epithelial cells of the villi resulting in severe stunting. There was severe damage to microvilli and accumulation of lipid within the cytoplasm. Virus particles were seen in epithelial cells covering the stunted villi. Infection also caused desquamation of the superficial epithelial cells of the stomach mucosa and of the epithelial cells of the bronchi, bronchioles, and alveoli of the lungs.
The importance of the neonatal calf diarrhoea reovirus-like agent as a cause of diarrhoea in calves was first established in the United States [I 1,241. Subsequently a similar virus was isolated from diarrhoeic calves in Great Britain [25] , Australia [22] , Canada [15] , and Denmark [13] .
The reovirus-like particles, which have been seen in faeces of young children with acute nonbacterial gastroenteritis, have been found to be morphologically indistinguishable from those of neonatal calf diarrhoea [8, 101. The calf and human viruses also appeared morphologically and antigenically distinct from both reoviruses and orbiviruses, and the term rotavirus has been proposed [7-91. Although the calf and human rotaviruses are morphologically indistinguishable, we were unable to infect calves with human virus. Piglets, however, are susceptible to infection with human virus [5] but do not become ill. We passed calf rotavirus serially five times in gnotobiotic piglets, and each passage produced profuse diarrhoea, depression and anorexia. Our serological studies have shown that pigs are naturally infected either with calf rotavirus or a related pig virus with similar antigenic properties. We have isolated a virus with similar morphology to the calf rotavirus from weaned pigs with spontaneous diarrhoea.
Studies of the pathology of animals infected with rotavirus have been confined to calves [12, 15, 181 and mice [ I , 21. This paper describes the pathological changes in gnotobiotic piglets experimentally infected with a strain of rotavirus originally isolated from a calf.
Materials and Methods
A litter of eight 6-day-old gnotobiotic piglets was produced and raised as described [20] . Six piglets were infected and two each were killed at 21,44 and 68 h after inoculation. One uninoculated control piglet was killed at 21 h and another at 68 h after infection.
A filtrate of intestinal contents from a gnotobiotic calf inoculated with a suspension of calf rotavirus [25] constituted the initial inoculum for four serial passages in gnotobiotic piglets. The six piglets were inoculated intranasally with 2.0 ml of a bacteria-free filtrate from the fourth pig passage.
Under pentobarbitone sodium anaesthesia paired segments of upper, middle and lower small intestines were tied off and sufficient fixative inoculated into the tied-off segments to cause slight distension. One segment of each pair was inoculated with 12% neutral buffered formalin and the other with 3% phosphate-buffered glutaraldehyde [17] . When the last segment had been inoculated the piglet was killed without delay using pentobarbitone sodium, and the tied off segments were immediately removed and immersed in fixative. The carcass was then examined. Samples of lung, liver, kidney, urinary bladder, stomach, caecum, and colon were fixed by immersion in 12% neutral buffered formalin.
The tied off segments were immersed in fixative for 1-2 h, and then blocks of suitable size were cut and immersed in fresh fixative. On the following day glutaraldehyde-fixed tissue was immersed for 2 h in I .O% phosphate-buffered osmium tetroxide solution, pH 7.3 [14] , dehydrated through graded alcohols and the blocks embedded in araldite with the villi oriented for longitudinal sectioning. From these blocks I .O-pm sections were cut, stained with toluidine blue and examined with a light microscope to check the orientation. Ultra-thin sections were cut with a Reichert OMU2 ultramicrotome, stained with uranyl acetate and lead citrate, and examined using a Philips EM 300 electron microscope with an accelerating voltage of 80 kV. Blocks of formalin-fixed material were embedded in paraffin wax, sections cut a t 5 pm, and stained with haematoxylin and eosin. Blocks were also embedded in gelatin, and frozen sections were cut a t IS p n~ and stained with oil red 0 for neutral fat.
Contents of the small intestine were collected at postmortem examination from the unfixed parts of the intestine of each piglet and were centrifuged. After negativestaining they were examined with the electron microscope for virus particles 1251.
Primary pig kidney and calf kidney cell cultures were inoculated with 1 :3 v/v dilutions of intestinal contents and examined at intervals for the presence of virus by immunofluorescence [4].
Results
Throughout the experiment the two uninoculated control piglets remained healthy and ate normally.
Within 16 h of inoculation the infected piglets had developed diarrhoea and had visibly lost condition. There was a marked reduction in food intake. At 44 and 68 h after inoculation the diarrhoea was less severe, but the piglets were still eating less than normal and were in poor condition.
Postmortem examination of the control piglets did not reveal any abnormalities. There was food in the stomachs of both animals, and the contents of the large intestines were solid. The small intestines were pink and the contents semi-solid. Long villi were visible on the mucosal surface.
Postmortem examination of the infected piglets showed small amounts of food in the stomach and fluid in the large intestines. In the most severely affected piglets the walls of the small intestine were thin and adhered to the fingers when handled; the lumen was collapsed. In the two piglets killed at 68 h after inoculation dark red areas were seen in the apical and anterior diaphragmatic lobes of both lungs.
Lesions were not detected by light microscopy in sections of lung and stomach from control piglets. The villi of the upper small intestine were covered by columnar epithelial cells each of which had a basal nucleus, dense eosinophilic cytoplasm and a well-defined brush border. Epithelial cells covering the upper half of the villi in the middle small intestine contained many intracytoplasmic vacuoles, and the position of the nuclei was apical or medial. Villi from the lower small intestine were also covered by vacuolated cells except at the base of the villi where unvacuolated cells were seen. Neutral fat was absent from epithelial cells of villi in the upper and lower small intestine. In the middle small intestine fat was seen on the surface of the epithelial cells and laterally at the base of the cells. Fat was also in the lamina propria. There were no abnormalities in sections of liver, kidney, urinary bladder, caecum and colon of infected piglets at any stage after infection. In the small intestine infection caused rapid desquamation of the epithelial cells from the upper three-quarters of the villi. Epithelial cells appeared to be desquamated in the absence of the usual signs of necrosis so that epithelial cells with eosinophilic cytoplasm and pyknotic nuclei were not seen on the surface of villi ( fig. I, 2 ). The result of epithelial cell loss was severe stunting of the villi (fig. 3 ). The epithelial cells left covering the stunted villi were flattened or cuboidal, lacked a brush border and contained numerous vacuoles in the apical cytoplasm ( fig. 3 ), many of which contained neutral fat ( fig. 4) . Occasionally, the lamina propria was exposed ( fig. 2 ) and contained pyknotic nuclei.
The distribution of the changes and an estimate of their severity at different stages after infection are shown in table I. The middle small intestine was most severely affected; there were lesions at 21 h after infection, and stunting of villi was most pronounced at 68 h. The lower small intestine was affected at 21 h but had recovered by 68 h, whereas in the upper small intestine lesions were not seen until 44 h and were still present at 68 h.
In the stomach at 21 h there was necrosis and desquamation of the goblet cells of the intercrypt mucosa ( fig. 5 ) without exposure of the lamina propria. Not all the mucosa was affected but it was not possible to detect whether there was any difference in susceptibility between the mucosal cells of the cardiac, fundic and pyloric regions. At 44 and 68 h the epithelial cells of the intercrypt mucosa were deeply staining cuboidal cells that did not contain mucin. Occasionally, areas of mucosa made up of normal mucus-containing cells were seen.
In the lungs at 21 h slight thickening of the alveolar walls was the only change, but at 44 and 68 h there were changes in the epithelial cells of the terminal bronchi, bronchioles and alveoli. Many of these cells were degenerate and had desquamated into the lumen. The remaining attached cells were dark-staining and irregularly arranged. In the affected areas there was obliteration of alveolar air spaces due to collapse, after necrosis and desquamation of cells from the alveolar walls, hyperplasia of cells in the alveolar walls, congestion of the alveolar walls and a slight mononuclear cell infiltration of the interstitial tissue.
The ultrastructural morphology of epithelial cells from villi of the three areas of small intestine of control pigs was similar to that in previous descriptions [6, 19, 211 . The apical surface of these cells was covered by long regularly arranged microvilli. Pinocytotic vesicles and an apical tubular system were in the cytoplasm below the microvilli ( fig. 6) . In the middle and lower small intestine large vacuoles containing small amounts of electrondense material that did not have the appearance of lipid were seen in the cytoplasm. In the upper and middle segments there were dilations of the intercellular spaces towards the base of the cells, and some of these spaces contained material that looked like lipid. The ultrastructural morphology of many epithelial cells examined from infected piglets was abnormal. Two changes predominated : damage to the microvilli, which were short, misshapen and irregular in spacing and orientation ( fig. 7) , and lipid material in the apical cytoplasm ( fig. 7) . In many cells with damaged microvilli the apical tubular system was absent ( fig. 7 ). In infected cells at 68 h there were vacuoles within the cristae of mitochondria ( fig. 7) . Groups of viral particles were seen within defined areas of low electron density in the apical cytoplasm, and these areas resembled vacuoles. Each vacuole had a poorly defined perimeter but was often partly circumscribed by membrane with a related ribosome array ( fig. 7, 8 ). Some groups of viral particles, however, occurred free within the cytoplasm. In some instances, there was a possible association with microtubules, and in one case the staining affinity of the tubules was enhanced. Not all cells containing viral particles had damaged microvilli, and viral particles were not detected in many cells that had damaged microvilli.
Particles considered to be mature virions were densely stained and were often associated with less dense particles. The mature viral particles had poorly defined circular profiles with an area of reduced staining towards the centre and a dense central spot ( fig. 8 ). There was no evidence of a welldefined enveloping membrane, and the diameter of the particles, using the outer dense component as a reference, averaged 62.5 nm.
In some cells the viral particles evidenced a lattice array, and in these arrays the outer components of the virions were not contiguous. The centre to centre spacing of virions within a lattice array was 83 nm.
Masses of electron-dense, amorphous material, not enclosed by membrane, were sometimes seen adjacent to virions ( fig. 9 ). In one cell linear profiles were seen within an area of electron-dense material, and densely staining particles also had a linear arrangement ( fig. 10 ). The distribution of the ultrastructural changes at different sites and stages after infection is shown in table I. The majority of changed cells were seen at 44 and 68 h after inoculation, and the middle and upper small intestine were most often affected. Virus particles were most easily detected in areas where villi were severely stunted. Fig. 7 . Middle small intestine of piglet killed 68 h after inoculation. Cells are pale, and cytoplasmic matrix is amorphous. Mitochondria are densely stained and vacuolated. Microvilli are reduced in number, short and irregularly arranged, the apical tubular system is absent. Irregularly shaped vesicles (V) are in apical cytoplasm, and some contain densely stained viral particles (P). Large inclusions of medium density (L), resembling lipid, are common.
Virus was not detected in the intestinal contents of the two control pigs either by electron microscopy or cell culture, but was detected by both methods in the intestinal contents of all infected pigs.
Discussion
Histological and ultrastructural studies have been made of calves [12, 181 , mice [I, 21, and infants [3] with acute gastroenteritis associated with rotavirus infection. Lesions seen with the light microscope in the small intestines of calves were similar to lesions in our study. The stunting of villi in our piglets was more severe than that reported in other studies on calves [12, 25] . Villi of piglets infected with a rotavirus strain derived from a field case of enteritis in pigs were as severely stunted as the villi in our study in which a calf virus was used [unpublished observations]. The histology of infants infected with rotavirus has not been investigated in detail but stunted villi have been described [3] . In mice, however, stunting of the villi was not seen [1, 161, but epithelial cells at the tips of villi sloughed, and those remaining were vacuolated and had eosinophilic cytoplasmic inclusions. Cytoplasmic inclusions were not reported in calves [12] and were not seen in our piglets. These differences in the severity of the lesions between species may be related to the host, to the infective dose, to the strain of virus, or to the stage of the disease at which samples were taken. The most severe stunting in our piglets was at 68 h after inoculation, 50 h after the onset of diarrhoea, whereas the calves in another study were killed between 19 and 31 h after inoculation, less than 6 h after the onset of diarrhoea [12, 181 . The mice were examined 24 h after the onset of diarrhoea.
Ultrastructural changes in the epithelial cells covering villi in infected calves were rare [18] but were similar to the changes seen in this study. Intracytoplasmic lipid, however, was not seen in the calves nor was there vacuolation of mitochondria. The ultrastructural changes in infected mice [I] correspond closely with those in our piglets. The occurrence of intracyto- Fig. 9 . Apical cytoplasm of a cell with densely stained mature virus particles (P), less densely stained particles (D), a large dense amorphous mass and tubular structures (T). There are also lipid (L) and altered mitochondria (M). Fig. 10. Inclusion (A-B) within the cytoplasm of an epithelial cell from a virus affected area. Structure is crystalline with linear arrays of tubule-like components along which are dense particles with a diameter of 33 nm. A cytosome (C) is also shown. plasmic lipid has been described in piglets infected with transmissible gastroenteritis virus [21] and has been interpreted as a breakdown in intracellular transport in virus-infected cells. A similar interpretation is possible for our piglets, and the absence of lipid in infected calf cells may be due to differences in transport mechanisms.
In addition to differences in the severity of lesions in calves [12, 181 and piglets, the pathogenic processes were dissimilar. After ingestion of the virus a wave of infection appeared to pass along the intestine of calves. Tall columnar cells became infected with virus, and as they desquamated they were replaced by infection-resistant and virus-free cuboidal cells. In our pigs, however, virus particles were not seen in tall columnar cells early in the infection but only in cuboidal or flattened cells covering the stumps of the villi at 44 and 68 h after inoculation. We cannot say whether these infected cells were surviving cells from the villi that did not desquamate or crypt cells that had become infected.
Lesions in stomach and lungs have not been described in rotavirus infections. The stomach lesions were mild but might account for the vomiting we have seen in piglets in other studies with a pig rotavirus. The distribution of the lung lesions suggested direct infection of epithelial cells by virus that had passed down the trachea at the time of inoculation. The lesions were not severe and may have little clinical significance.
The morphology of the virus particles is similar between species but there are differences in particle size. In mice [I] most particles measured 86 nm in diameter and had a central core and also an outer membrane that appeared to come from the rough endoplasmic reticulum. A small number of a second type of particle was seen; these particles had an average diameter of 65 nm and lacked the outer membrane. In humans two types of particles were also seenone with a dense core and less dense outer zone measuring 67 nm in diameter and larger particles with an outer membrane measuring 87 nm in diameter [3] . In calves and pigs only the smaller particles without membrane were seen. These differences in size between viral particles may depend on the process of virus maturation. The larger particles in mice and humans seem to get their outer membrane by passing through the rough endoplasmic reticulum. In calves and pigs smaller particles were in the dilated rough endoplasmic reticulum but had not acquired an outer membrane.
This study shows that one strain of rotavirus can cause disease in more than one species. There is evidence that this strain of rotavirus exists naturally as a pathogen in pig herds. Sixty percent of sera from sows in the Institute's herd neutralised the calf rotavirus, and piglets that had suckled colostrum from one of these sows were resistant to infection with the virus [unpublished observations].
